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ABSTRACT
2'7’ qu
The development and evaluation of very low inductance energy
storage capacitors, capable of long term performance at elevated tem-
perature, is described. Based on general goals for capacitor charac-
teristics in space propulsion applications, the central development
problem is identified as the problem of attaining high temperature and
high Q properties for materials employed in laminated capacitors.
This need arises from the requirement to radiate self-generated heat
while internal heating is reduced by employing low dissipation mater-
ial. The report traces the development of fabrication techniques using
a high temperature mica paper dielectric and describes the evaluation
and testing of finished specimens. Dynamic testing is carried out at
high repetition rates using a coaxial plasma gun as the electrical load,

while the entire capacitor-gun system is operated in vacuum.
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1. Introduction

In the development of repetitively pulsed plasma thrustors,an im-

portant, but for the present, weak link,is the energy storage system. The
- energy storage system must provide the necessary energy; it must provide

high power; it must provide energy at high voltage to a load with time vary-
ing electrical characteristics; it must match the electrical characteristics
of the load; it must withstand rapid discharging and charging; and it must
withstand reversals in polarity. Beyond these requirements, the energy
storage system for space application must have a long, useful lifetime;
it must possess a high ratio of average power per unit weight; and it must
be able to withstand the launch and space environment.

The present program was conducted to analyze and evaluate capacitor
systems with the following design goals;:

(1) Capacitances ranging from 1 to 100 microfarads

(2) Minimum self inductance, dissipation and weight

(3) Capacitor charging voltages ranging from 3 to 15 kilovolts

(4) Average power inputs up to 50 kilowatts at discharge repetition
rates up to 1000 pps.

(5) Radiation cooled

(6) Useful lifetime of at least one year

Critical design parameters were to be determined as well as their interde-
pendence*. The Tobe Deutschmann Laboratories flat disc capacitor, Model
ESC-247, having low inductance and light weight, was to be used as a
starting point. Based upon this, test model capacitors were to be designed,
constructed and tested to meet the design goals. Capacitor testing was to
be both static and dynamic in nature, the latter employing a repetitively
pulsed plasma system.

The program was performed by the team of Tobe Deutschmann Labora~
tories and Space Sciences, Incorporated. The Tobe Deutschmann Laboratories,
as prime contractor, was responsible for the design and fabrication of the test
capacitors. Space Sciences, Incorporated, as subcontractor, was responsible
for the evaluation of parameters and the determination of capacitor character-

istics. Close cooperation and liason between the two groups was maintained

*Subject matter of pending U. S. and foreign patent applications, owned solely
by Tobe Deutschmann Laboratories.



so that the evaluation of parameters and test results could be readily incor-

porated in improved capacitor design.

In the early part of the program, information was obtained frorh the
majority of the manufacturers of energy storage capacitors to learn whether
their designs or proposed approaches could meet or aid in meeting the de-
sign goal for plasma thrustors. No capacitor nor proposed design was un-
covered by this search and consequently further attention was given only
to the ESC-247 type. The existing ESC-247 design was for 0.5 joule ca-
pacitors. These were evaluated in static tests for determining material
properties and for determining fabrication techniques employing new
materials under investigation.

Based on the findings with these small units, larger units were con-
structed for dynamic testing, i.e., with a realistic plasma thrustor load.
These larger units, designated ESC-247-C, were scaled-up versions of
the ESC-247 to give ratings of 9 kilovolts and 0.31 microfarads for an
energy content of 12.5 joules. These units were 24" in diameter by about
1/4" thick, less termination plates.

Considerable difficulty was encountered and finally overcome in
developing ESC-247-C units that would not delam
in the program it was discovered that high temperature dielectric materials
were necessary for proper performance. Several dielectric materials were
investigated and on the basis of those investigated, Isomica (mica paper)
was found to be superior in most regards. In constructing a high tempera-
ture capacitor, both the choice of dielectric and the method of bonding the
dielectric sheets and foils are important. For example, the original ESC-
247 units used Mylar as the dielectric. These units failed first in the ad-
hesive holding the capacitor together and then from the inherent tempera-
ture limitations of the Mylar. With the Isomica units, mechanical failures
were due only to the degradation of the bonding materials. In the latter
half of the program this problem was overcome and units have been con-
structed and operated in dynamic tests with approximately 6 million dis-

charges accumulated in the time available.
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Dynamic testing has also been successfully carried out at reduced charg-
ing potentials with the plasma thrustor load operating up to 2000 pulses
per second.

The results of a one year's program are presented in this report.
The following section, Section 2, discusses the design and development
of prototype test capacitors stemming from the basic ESC-247 design.
Consideration is given both to the study of capacitor dielectric materials
as well as to capacitor fabrication techniques. Sections 3 and 4 describe
the tests performed on the test capacitors and the results of these tests.
The details of the plasma thrustor load for dynamic testing of the capaci-
tors are given. Both test methods and results are presented. Many of
the tests have been designed specifically for this program and are not
the conventional tests performed in usual capacitor rating. Section 5
draws together the pertinent findings. Included is a determination of
the important parameters, the present degree of attainment of desirable

properties, and the relationship of the capacitor to the thrustor.



2. Capacitor Development

2.1. Introduction

During the first month of the program, letters were sent to twenty-
nine manufacturers who were listed in various directories as manufacturers
of energy storage capacitors. The purpose of the letters was to determine
whether any manufacturer had developed an energy storage capacitor that
would approximate the de.sign characteristics sought in this program. It
was planned that if such capacitors could be found, they would be ob-
tained for study and evaluation in the present program. The requirements
placed on the capacitors and contained in the requests for information are
listed in Table I.

Replies were received over a three-month period from seventeen of
the solicited manufacturers. Of these responses, seven manufacturers
stated that they did not manufacture energy-storage capacitors meeting
the requirements nor did they immediately contemplate doing so. The re-
mainder indicated some degree of willingness to consider the problem but
did not presently supply capacitors approximating the specified charac-
teristics. The majority of responses were based on conventional or
standard capacitors designs as a basis for meeting the specifications.
Consequently no capacitor nor a proposed design was uncovered by this
search for inclusion in the program. Most replies indicated problem areas
in attaining inductances in the nanohenry range, in providing for high
temperature operation (above 4000) and in achieving high discharge rep-
etition rates up to 1000 pulses per second.

The Tobe flat-disc capacitor, Type ESC-247% designed and con-
structed prior to this program was selected for the start due to its low-
inductance (approximately 1 nanohenry) and high Q (greater than 100).
This capacitor and larger models, designated as ESC-247-C as developed,
were the basic capacitors used during the course of the program. To meet
the severe constraints imposed by the plasma thrustor application and the
space environment, new materials had to be investigated for use in the

manufacture of improved models. Very early in the program, it became
*Subject matter of pending U. S. and foreign patent applications, owned
solely by Tobe Deutschmann Laboratories.

|
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TABLE 1

Capacitor Requirements

Capacitance:; - 1-100 microfarads (in one or more units).

Intemal Inductance: - Much less than .01 microhenry for individual
units, somewhat less than .01 microhenry when more than
one unit is employed to obtain the desired power as described
below.

Operating Voltage: ~ 3 to 15 KV per single unit or for any series or
parallel combination hereof.

Average Power: - Approaching 50 KW by operating units of highest
energy content at a few pps or by operating low energy units
at high repetition rate up to 1000 pps.

Operating Gbnditions: - Rapid discharge into low inductance load of
approximately 0.1 microhenry or less. Capacitor will ring
down with maximum voltage reversal of about 90%.

Thermal Stabjlity; -~ Capacitor must be capable of high temperature
operation at 100°C or more with radiational cooling only.

Duiy and Life; - Repetition rates vary with energy content as described
above. Capacitor life in continuous operation should be for
at least one year.

Other Factors: - Weights of individual units or combinations should be
minimal, while space requirements, although of secondary
importance, should also be minimized. Any unusual geometry
or termination configurations should be noted especially as
they effect the arrangement of individual units in combination.
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apparent that the capacitor must operate at very high temperatures and
the program essentially consisted of developing capacitors utilizing the
basic electrical design with materials that could operate in a severe en-
vironment for at least one year's service. The high temperature and vacuum
environment put severe requirements on capacitor dielectrics and many
possible materials were tested, evaluated and discarded as not being suit-
able. These materials aré discussed in Section 2.3 of this report. The
most promising material was Mica paper and it was this dielectric that
received maximum attention during the course of this study. This material
has been used by other capacitor manufacturers in the production of small
capacitors but many problems had to be overcome to utilize it in the con-
struction of capacitors of the size necessary to meet the program goals.
The following subsections of this section treat the electrical design
of the energy-storage capacitor, the materials that were studied and the
fabrication techniques employed.

2.2. Design Considerations

Capacitors that are to be used in conjunction with pulsed plasma
thrustors must have many characteristics not found in conventional energy-
storage capacitors. In addition to being light weight, long-lived and re-
liable, they must have low intemal inductance and resistance compared to
the inductance and resistance of the load. Most commercially-available,
energy-storage capacitors are wound with Kraft paper and aluminum foil
and impregnated with a liquid dielectric. Their design stress is often 2000
volts per mil and they are capable of operating for 103 to 105 discharges
at a maximum teperature of 4SOC and at extremely low duty cycles. Their
self-inductance is in the range of 15 to 150 nanohenries and the Q is
typically 10 to 20 at the capacitor’s self-resonant frequency. These
commercially available capacitors must operate in a laboratory environ-
ment and cannot be subjected to extremes in either temperature, pressure
or duty cycle.

The ESC-247 flat-disc capacitor possessed some of the desirable

electrical properties required and was the basis for the development of




capacitors during this program. The basic design has not changed but

was rather scaled up to larger sizes and incorporated materials suitable

for the service. The inductance of this type capacitor is less than 1 nano-~
henry and its Q greater than 100 at operating frequency. The physical con-
struction is such that capacitors of this type can be electrically connected
to coaxial systems withoqt adding much series inductance and the high
surface area to volume ratio is desirable for radiating capacitor power
losses.

The ESC-247 is a disc-shaped capacitor having annular shaped
terminals that are located on both faces of the capacitor as shown in
Figure 1A. A through-hole in the center of the capacitor and concentric
with the terminals permits efficient low inductance connections to coaxial
circuits. The sizes constructed during this program range from 8" diameter
x 1/8" thick to 24" diameter x 5/8" thick. The latter units store greater
than 50 joules at stress levels of 1000 volts per mil.

The capacitor is constructed with twelve metallic plates stacked
and separated by dielectric sheets. The capacitor plates are annular in
shape having connecting tabs on the inner diameter as shown in Figure 1B.
The dielectric sheets are processed with cutouts located to coincide with
the inward projecting tabs of the capacitor plates. Two types of dielectric
are used, one having five cutouts as shown in Figure 1C, and the other
having six cutouts as shown in Figure 1D. The capacitor plates are
stacked in pairs with the projecting tabs radially aligned and separated
by dielectric sheets having five cutouts. The additional insulated pairs
of plates are stacked with the tabs staggered in a spiral staircase fashion
with dielectric sheets having six cutouts interposed between each pair
of plates. The final stacked assembly is shown in tigure 1E. The ca-
pacitor is laminated under heat and pressure and, in its finished state,
is uncased and self supported. The manufacturing process is described in
Section 2.4.

The electrical parameters of a capacitor are quite often determined

by the electrical properties of the dielectric. However, many capacitor
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designs that incorporate excellent dielectric material do not exhibit the
high frequency properties of the dielectric, but rather are limited in per-
formance by losses produced by the capacitor plates. The inductance and
Q of energy-storage capacitors are often limited by capacitor plate geo-
metry, size, construction and inter-connection.

To minimize capacitor losses, one must first use the proper dielec-
tric and to prevent degradation of the dielectric properties, the capacitor
plates must be of the proper thickness and geometry and be interconnected
in the proper manner. The factors affecting the design of the ESC-247 type
capacitor, including inductance, Q and dielectiric strength, are described
in this section.

To minimize the self inductance of a capacitor the currents during
discharge should flow in oppoesite directions in adjacent conductors. For
maximum ﬁéld cancellation the current carrying members shculd be as
close to one another as possible. In conventional energy-storage capaci-
tors of the so-called low inductance, extended foil construction, the
capacitor winding must be considered one conductor and the case the other.
The inductance is calculated by considering the distance between the case
and the average current sheath through the body of the winding. The phy-
sical volume necessary to house the capacitor necessarily makes this di-
mension large and is the limiting factor in obtaining low inductance.
Rectangular bulk energy-storage capacitors utilize this principal and
cylindrical "coaxial" capacitors are an improvement because they are
would on hollow cores and more closely approach a low impedance coaxial
cable.

The low inductance values characteristic of the flat-disc capacitor
are realized because the magnetic field cancellation occurs internal to
the capacitor. The current flow during discharge is in the opposite direc-
tion in adjacent foils and the separation between these conductors is on
the order of .010 inch. Virtually all the inductance occurs at the termin-
ation and this value can be kept small (less than 1.0 nanohenry) by keep-

ing the thickness of the capacitor to a minimum.
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The Q of a capacitor is generally taken as the reciprocal of dissipa-
tion factor as measured on capacitance bridges at 60 or 1000 cps. Capaci-
tors under 1.0 microfarads are measured at 1000 cycles and those over 1
microfarad are measured at 60 cycles. Typical oil impregnated capacitors
have a dissipation factor of 0.5% and some plastic film units have a dissi-
pation factor lower than 0.05%. These dissipation factors should corres-
pond to Q of 200 and 2000, respectively. However dynamic measurements
at self-resonant frequency consistently show Q of 10-20 in conventional
wound capacitors irrespective of the dielectric. TFor example, convention-
al wound, energy-storage capacitors of the "non-inductive", extended-
foil construction have been manufactured utilizing dielectrics with dissi-
pation factors different by a factor of 100 to 1 over the frequency range of
interest. When these capacitors are compared by bridge measurements at
1000 cycles, the 100 to 1 difference in dissipation factor is clearly indi-
cated. Yet, when these same capacitors are tested for Q at their self-
resonant frequency, the Q is approximately the same and lower than that
expected in the dielectric.

Dielectric losses typically become worse as the frequency is in-
creased. However, the dielectric losses do not approach the measured
low Q figure. The low Q is attributed to foil losses.

Typical energy-storage capacitors use foil only .00025 inch thick
and the conducting area is further reduced in use due to the strong mag-
netic fields that force discharge currents to the outer edges of the foils.
The plates used in the capacitors evaluated in this program are .0043
inch thick and the shape and tabbing such that discharge currents are not
impeded, and the Q realized very closely approaches that of the dielectric.

The dielectric strength of a capacitor is primarily determined by the
dielectric properties of the material used in its construction. In addition,
the geometry of the conducting plates, the spacing and size also have an
important bearing. In high voltage capacitors one of the most important
requirements is that the dielectric must be uniform and consistent through-

out its entire thickness. Conducting particles inherent within the dielectric




sheet are, of course, minimized during the manufacture of the basic
material. Further safety is realized by using a multiplicity of layers thus
reducing the possibility of conducting particles causing a premature fail-
ure. More important than this factor and possibly the major potential
failure area is the presence of voids or inclusions of lower dielectric con-
stant materials that can produce ionization and corona at high voltage
stress. Corona of this nature generates severe localized heating and can
very rapidly deteriorate some dielectrics that otherwise would be reliable
and long-lived.

The dielectric used in the construction of ESC-247 capacitors can
be produced void free by constructing to the methods described in Section
2.4. In addition, mica paper has the desirable property of not being de-
graded when operated in a corona atmosphere. No dielectric failures due
to high volf:age breakdown through the dielectric have occurred during this
program and possible design changes to improve dielectric strength have
not been incorporated.

The energy stored in a capacitor is obviously determined by the
capacitance and the voltage to which the capacitor is charged. The limit-
ing factor in charge voltage is the voltage stress of the dielectric which
affects the capacitor’'s life. As mentioned earlier, common energy-storage
capacitors may be stressed as high as 2000 volts per mil for low duty cycle
operation. Other capacitors are designed at stresses of 1000 volts per mil
and some even as low as 500 volts per mil, depending upon the duty, en-
vironment and life requirements.

Insufficient life test data have been gathered during the course of
this program and the voltage stress was chosen at 1000 volts per mil as a
starting point based on prior experience. The energy contents noted in
this report may possibly indicate a rather large volume to energy stored
ratio when compared to other capacitors. However, it must be realized
that the ratings are assigned to capacitors based on this modest and con-
servative siress.

The insulation resistance of capacitors for plasma propulsion devices
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is not of paramount importance in their operation except as an indication
of the quality of the capacitor. It is useful in gauging capacitors deterio-
ration with use. Normally, the power loss, because of leakage current
due to low insulation resistance, is a very small percentage of the total
power applied to the capacitor and can be neglected. This problem may
become significant in future work as higher temperatures are reached.

The insulation resistance of most dielectrics decreases rapidly
with increase in temperature. The insulation resistance at the tempera-
ture ranges covered during the course of this program is sufficiently high
(1010 - 1()11 ohms) to disregard any power losses produced by this charac-

teristics.

2.3. Materials

The materials used in the construction of flat-disc capacitors must
be availablé in thin sheet form. The capacitor plates must have good
electrical conductivity and both sheet copper and aluminum in thicknesses
up to .005 inch were used. These readily available metals have proven
quite satisfactory for the application and introduced no problems.

The dielectric must possess exceptional electrical properties over
wide environmental ranges while maintaining the mechanical properties
necessary for an unsupported and uncased laminated capacitor. Many
plastic films, including Mylar, Teflon and H Film, have been evaluated
during this program and found unsuitable for one or more reasons. Max-
imum effort was directed to the development of this type capacitor using
Mica paper as the dielectric after initial testing indicated its advantage.

Mylar was the first dielectric evaluated in this program because
successful manufacturing processes were established earlier. To con-
struct Mylar film into stacked capacitors, an adhesive is required and
many types were tested with fair success. E. I. Dupont type 4697-~1
adhesive was found to be the best suited and was used exclusively in
final test specimens. Standard roller coating techniques are quite satis-
factory for applying the adhesive and produced satisfactory laminations.

The poor surface tracking properties of Mylar and the low service
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temperature (limited by adhesive), together with a dielectric constant
and Q lower than Isomica, prompted discontinuance of this material in
the program.

Teflon possesses a high dielectric strength and high temperature
capabilities. However, Teflon's characteristic of not sticking to other
materials defeats itself in its use as a laminated stacked capacitor.

The high density of Tefloh, coupled with its low dielectric constant,
make the weight and size of capacitors prohibitive. The severe construc-
tion problems, cold flow characteristics, lack of good adhesive, low di-
electric constant and weight eliminated Teflon early in the course of this
program. ESC-247 capacitors were constructed with fair success. How-
ever, further work was discontinued.

H Film is a polyester material possessing properties quite similar
to that of Mylar except over a greater temperature range. The limiting
factor in constructing capacitors from H Film is the adhesive, and al-
though the base material has properties better than Mylar, capacitors
could not be constructed because of the limitations in the adhesives avail-
able. Therefore, other than making preliminary test samples, no other
work was done on H Film.

The dielectric constant of Isomica (4.5 to 5) is approximately twice
that of Teflon and approximately 50% greater than both Mylar and H Film.
The short term dielectric strength of these materials is comparable (4000
V/mil). However, Isomica appears rather immune to corona while the other
dielectric materials tested are adversely affected. These factors, together
with Isomica's basically inorganic nature, prompted major effort in this
type dielectric. In addition to Isomica, which is supplied pre-impregnated,
unimpregnated mica paper was procured and impregnated with other common-
ly available silicone resins. The silicone resins tested were not equal to
the pre-impregnated mica paper (Isomica) and further work was discontinued
as the fabrication problems of Isomica were solved.

Initial testing of dielectrics involved the construction of 3-plate

base capacitors measuring 6 x 6 inches. Basic fabricaticon procedures
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were experimentally determined and successful capacitors evaluated elec-
trically. Promising materials passing both the electrical and mechanical
requirements were constructed into ESC-247 capacitors of approximately
0.1 microfarads and manufacturing processes further improved.

2.4. Fabrication

The successful construction of 50-joule Isomica capacitors was
preceded by many failureé . After determining Isomica to be the material
best suited, much had to be leamed about manufacturing processes. Tech-
niques learned constructing small sections would not scale for larger capac-
itors but required major revisions. The first laminations performed in the
material study were based on the material manufacturer's recommendations.
These techniques were based on their experience constructing 1 square
inch capacitors and many test laminations were required before successful
basic 3-pla\te capacitors were constructed. Fifty-four lamination cycles
were necessary to construct successful 8" diameter ESC-247 capacitors
and 15 lamination cycles required before successful 24" diameter ESC~247
capacitors were constructed.

The ESC-247-C capacitor is constructed utilizing seven sheets of
.002 inch, precut Isomica between each conducting capacitor plate. The
capacitor plates are constructed from .0043 inch copper sheet cut to shape.
All sharp edges are buffed and polished to remove any possible burrs or
slivers. The copper plates are then thoroughly washed in a solvent, such
as MEK, to remove all oils and possible contaminants. A thin coating of
GE type SR 224 silicone resin is applied to both surfaces of these plates
and completely cured.

The capacitor stack is assembled as described in Section 2.2,
utilizing the pre-processed component parts and is then subjected to a
pre-heat cycle of sixteen hours at IOSOC in an oven to remove all traces
of absorbed moisture. The sixteen hours at 105°C should not be exceeded
at this stage, in either time or temperature, as partial curing of the resin
may result in a deterioration of the resin flow characteristics during final

dure. The assembled unit is then subjected to a pressure of 100 microns
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for an additional 24 hours while maintaining heat to remove any additional
traces of water vapor or solvent and is kept under vacuum with no heat
until ready for final processing.

The prepared capacitor is sandwiched between stainless steel plates
utilizing Teflon-coated, glass cloth as a slip sheet. This assembly is
then inserted between aluminum carrier plates that have asbestos sheet~
ing interposed to act as é thermal buffer and pressure compensation pad.
This completed assembly is then inserted between the hydraulic press
platens as shown in Figure 2.

Prior to the application of hydraulic pressure to the capacitor sec-
tion, the platen assembly is evaluated to less than 100 microns to re-
move any air that mav possibly become trapped during the pressing oper-
ation. A pressure of 500 pounds per square inch capacitor area is then
applied to the system prior to the application of heat. The capacitor,
evacuated and under compression, is now subjected to a linear tempera-
ture increase at the rate of SOOC per hour until the first stage temperature
of 17500 is reached. It is at this point that the resin binder flows and,
therefore, this temperature is maintained for approximately 2 hours. Dur-
ing this time, final pressure of 1000 pounds per square inch is applied.
Vacuum pumping is continued to remove any volatile matter that may be
liberated during the resin flow. Final curing temperature, (23OOC) is then
applied for ten hours. The total curing time being reached, heat is shut
off, full pressure is maintained, and a slow cooling cycle is begun until
room temperature is reached. At this point the cycle is completed. The
overall process flow sheet leading up to dynamic testing is illustrated in
Figure 3.

The following table lists the manufacturing cycles of 24 inch dia-
meter capacitors constructed with Isomica. The fabrication results as
noted only indicate the relative progress obtained in fabrication as test
results are indicated in Section 4. Capacitors commencing with cycle G
were subjected to preliminary electrical tests including high potential

testing prior to final evaluation,
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TABLE II

Fabrication Cycles-24 Inch Isomica Capacitors

Identification Capacitance

Nominal Dielectric

Cycle (Microfarads) Thickness(mils) Fabrication Results
A Variable 14 Complete Delamination
B Variable 14 Substantial Delamination
C Variable 14 Partial Delamination
D . 195 14 Partial Delamination
E .240 14 Partial Delamination
I3 .228 14 Slight Delamination
G .230 14 Slight Delamination
H .235 14 Slight Delamination
I .240 14 Partial Delamination
Under Vacuum
) .240 14 Partial Delamination
Under Vacuum
K .240 14 Partial Delamination
Under Vacuum
L .380 10 Slight Delamination
Under Vacuum
.317 12 Excellent Lamination
N .336 12 Excellent Lamination
O .806 12 Excellent Lamination
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3. Capacitor Evaluation (Static Testing)

3.1. Background, the Thermal Problem

The ESC-247 capacitor, developed prior to the program, has many
of the characteristics which are of interest to space propulsion applica-
tion. That is, it has a self-inductance of the order of one nanohenry, it
has excellent power handling capability for its weight and it has a form
factor (thin disc) which mékes it well suited for radiational cooling of self
generated heat. However, the low energy content (0.5 joules for high
repetition rate duty) of this capacitor made clear at the outset that a
scaled-up version would be necessary to approach the design goals of the
program. Furthermore, it soon became apparent that new capacitor dielec-
tric materials would be required for the high temperature capability inher-
ent in these goals.

Capa\citor evaluation in the early phases of the program was con-
fined to measurements of the properties of the small ESC-247 unit. Em-
phasis was placed on investigating the basic electrical properties of the
test units with special regard to variations with operating temperature.
Testing was carried out with both standard and modified Mylar ESC-247
units and with first trial units employing Isomica as the dielectric mater-
ial. The translation of the basic design to the ESC-247-C unit employing
Isomica marked the close of static evaluation and initiation of dynamic
tests under simulated operating conditions.

An analysis of heat generation within capacitor storage systems and
within the load was carried out early in the program. The important con-
clusion was reached that the goals: (1) high repetition rate operation, (2)
high average power and (3) radiational cooling require the use of capacitor
materials with high temperature capability far beyond that of conventional
capacitors. This conclusion led to program emphasis on the development
and evaluation of capacitors employing low dissipation-high temperature
dielectric materials. Therefore, the recognition of the thermal problem
has influenced both the static and dynamic testing and evaluation phases

of the program. The following analysis is presented to illustrate the prob-
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lem quantitatively.

The analysis is carried out with respect to a simulated load in the
form of a coaxial plasma gun. An evaluation of the partition of energy
during operation of the simulated plasma propulsion load has been per-
formed. In order to obviate a full analysis of the energy partition includ-
ing an examination of the propulsion efficiency, an approach is taken
whereby the significant sources of energy loss are singled out and labeled

by an effective series circuit resistance as follows:

R, = effective series resistance of the capacitor
Ry = actual series AC resistance of the discharge circuit

R3 = effective series resistance of plasma to label all plasma
energy which is transferred as thermal energy to the gun
electrodes

R4 = effective series resistance of plasma to label all plasma
energy (internal, radiative and kinetic) which is expelled
from the system

In a later section experiments are described in which an efficiency
parameter n was measured where ny is defined by

R
n = 4

(1)

Typical measured values under simulated operating conditions are
approximately 0.25 indicating that 75% of the input electrical power appears
as heat in the gun-capacitor system. A large fraction of this thermal power
is generated within the load (i.e. in R2 and R3) . In the absence of provi-
sion for cooling, the heat generated in the load is conducted to the capaci-
tor which is then penalized by the need to radiate all system dissipated
electrical energy. While this problem is quite general to capacitor-gun
systems of the type simulated in this investigation, the thermal problem
also exists with respect to the heat balance for losses within the capaci-
tor itself.

Making use of the above definitions, an approximate analysis of
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the heat generation problem can be carried out using conventional circuit

parameters. The overall circuit quality is then defined by:

-1
Q= (R1+ R2+R3+R;J (2)

while the circuit quality of the capacitor under lossless load conditions

is:
-1
Q= («CR) (3)
The approximate circuit waveform is given by:

I= IO "sinwt " exp {~w t/2Q) (4)

Then, the energy expended in Rl’ R2 , R3 and R4 during ring-down

for N complete cycles is:

t‘Z'n'N/.o 2
QwC) IO sin ot exp (~o t/Q)" dt

(
=E_ [1 - exp (-2 TrN/Qa ’

where E is the initial stored energy.

The quantity, exp (-2 w N/Q), represents the fraction of the initial
energy remaining in the capacitor at the end of the discharge. Thus, so
long as N/Q is not small compared with unity, the stored energy is fully
dissipated during the discharge.

The total heat generated per discharge within the capacitor can

then be expressed by:

Q . Q ,
HzniEo[l - exp (-2 ﬁN/Q;)= 61 EO (6)

Accurate evaluation of the heat generation then depends upon knowl-
edge of Q and Q1 at the desired operating frequency. Typical values for
Q in plasma discharge devices of the type of interest here are of the order

of 10, while Ql depends sensitively on the dielectric material employed
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in the storage capacitors. Measurements show that Ql in parallel plate
Mylar capacitors is approximately 50, while materials such as Isomica ex-
hibit qualities exceeding 100. Taking the typical value Q = 10 with Q1 in
the range 50 to 200, it is seen that the energy dissipated within the capaci-
tor is between 5% and 20% of the stored energy per discharge.

The impact of this conclusion may be illustrated by application to a
capacitor unit such as thé ESC-247-C tested under this program. The unit
parameters of importance to this discussion are its nominal energy content,
12.5 joules, and its effective radiating surface area, 5600 cm2

In order to estimate the equilibrium temperature rise in the test
capacitors, the power loss by radiation has been equated to the rate at
which heat is generated in the system. Most dielectric materials such as
those encasing the test capacitors, have total thermal emissivities very
near unity. \ Therefore, the total power radiated by the capacitor is given

approximately by:

o T4 * area (7)

. -12 2 0.4
where 0= 5.7 x 10 watts/cm” (" K) and T is the absolute temperature
in OK. Assuming that the capacitor "sees" a uniform absorbing ambient

at scme lower temperature To, the net power loss is given by:
4. .
P =o (T -—TO) area (8)

The value of To is not important in the estimate of Pn so long as T is

et
significantly greater than TO. For the present estimate of temperature
rise To is taken to be room temperature (TO= 2950K) .

Using equation (6) with the cited typical values of Q and Ql the
self-generated heat per cycle is 0.63 to 2.50 joules/cycle. In thermal
equilibrium, the thermal power radiated will be in the range 0.63 F to 2.50
F (watts) where F is the discharge repetition rate (pps). The equilibrium
temperature rise is then determined from equation (8). The results are

shown graphically in Figure 4. in which the operating temperature is

plotted versus pulse repetition rate. It is emphasized that the results
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shown are for self-generated heat only and that actual systems applica-
tion may impose additional thermal loading. While these estimates are
specifically for the ESC-247-C capacitor, this unit has an excellent form
factor for radiating thermal power.
For these two reasons, the results are quite conservative in that
substantially higher temperature operation might result in actual practice.
The results shown in Figure 4 demonstrate that Mylar, because of
its relatively low Q and low maximum temperature capability (e.g. ~ IOOOC) ,
is unsuited as a dielectric material for high average power applications.
The need is clear for a capacitor capable of operating substantially above
IOOOC with a high value for Q.
3.2. Quality Assurance Tests - Thermal Stability

All capacitors which were prepared for static tests and evaluation
were first rbutinely examined in standard quality assurance tests. The
purpose of such tests was to obtain a prompt initial appraisal of fabrica-
tion success prior to the more extensive evaluation which followed. These
tests included a static high potential test of each unit at 150% of its rated
voltage, a determination of room temperature capacitance and dissipation
factor at 1000 cps and a thermal stability test in which selected capaci-
tors were operate'd at high repetition rate into a low impedance load.

Because of the interest in high repetition rate duty for capacitors

evaluated in this program, and because of the illustration of the thermal prob-

lem afforded by the thermal stability test, an example of this portion of the
initial quality testing is singled out here. The thermal stability test is
dynamic in nature, since it involves charging and rapid discharging of
the unit under test. However, the dynamic testing carried out in this pro-
gram has been defined more restrictively to tests carried out in vacuum
with a simulated plasma thruster load. Dynamic tests of this kind are re-
ported in the next section.

The purpose of thermal stability testing is to eliminate from further
testing, those units which show indications of catastrophic failure. A

catastrophic failure would occur for example if the power factor of the test
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sample were to rise with temperature and time at a rate which would cause
the sample to generate more losses than it could dissipate within the de-
sign limits of the capacitor. A unit is considered to be thermally stable
if it can be shown that the equilibrium temperature that the unit will reach
ultimately is within the maximum specified limits of the materials used to
fabricate the sample. A t_hermal stability curve is a plot of average temper-
ature rise versus time for a sample unit operated under a given set of con-
ditions. From the data collected a typical temperature rise versus time
curve is evolved. Using the curve new units may be evaluated for ther-
mal stability properties on a short time basis. Once a particular capaci-
tor geometry is chosen, the thermal stability apparatus may be used {o
evaluate various capacitor materials on a normalized basis, and under
guasi~dynamic operating conditions.

The tl:lennal stability apparatus is essentially an RC relaxation
oscillator. The entire apparatus consists of a power supply which charges
the capacitor to a specified voltage, a charging resistor which together with
the capacitance of the test sample determines the free running rate of dis-
charge, a load design to simulate somewhat the actual load, and diagnostic
equipment including voltage milliameters, a thermocouple potentiometer
and a monitoring oscilloscope.

Figure 5 illustrates details of the portions of the apparatus which
include the sample unit under test and the coaxial spark gap load. The
load is a water-cooled coaxial spark gap. The anode and cathode members
in contact with the plasma are made of silver for long wear and may be re-
placed in less than a minute. The remainder of the assembly is brass.

The barrel is water-cooled by a copper coil soldered to the outer periphery
of the barrel and located about 1 inch behind the gap. The purpose of the
water cooling is to isolate the heat generated by the plasma from that
heat generated by the capacitor under test in order to arrive at a truer rep-
resentation of the capacitor’s losses.

Based on preliminary thermal stability testing, a characteristic

stability curve was deduced for a Mylar unit as shown in Figure 6. The
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following represents the test program used in all ESC-247 thermal stability
tests.

1. The capacitor is charged to its rated operating voltage.

2. The temperature used to determine the thermal stability
curve is the mean temperature readings of four thermocouples located
at the mean capacitor radius.

3. The ambient temperature is recorded and will be the laboratory
ambient temperature within three feet of the capacitor.

4. The air around the capacitor is still except for convection
currents caused by the capacitor itself.

5. The discharge rate is chosen to cause a typical unit of the
type being tested to reach an equilibrium temperature rise of fifteen to
twenty—five\ degrees centigrade.

6. The capacitor is operated for a period of time necessary to
determine beyond doubt that the unit is typical of its type and stable.
For the Tobe Type ESC-247 capacitor the necessary amount of time is
somewhere between 10 and 15 minutes.

3.3. Static Test Units

In the early portion of the program the experimental evaluation of
capacitors centered around the ESC-247 production model flat disc capaci-
tor which employed Mylar as dielectric material. Similar capacitors were
fabricated in several combinations of dielectric thickness and foil material
(aluminum or copper). As lamination methods were developed for Isomica,
additional units were prepared using this material as dielectric. The make-
up of units fabricated for static evaluation is given in Table III. The identi-
fication number designates the order in which the units were evaluated and
is not indicative of the fabrication cycle. It is seen that all units employed
foil thickness of 2 mils with either copper or aluminum for foil material.

The third column of the table gives the number of dielectric layers employed

as well as the dielectric thickness and material.
Each unit was fabricated in.the basic ESC-247 geometry. Capaci-

tance varied nominally from 0.05 to 0.10 microfarads. Measurements were




Test Unit Foil
1. 2 mil, Cu
2. 2 mil, Cu
3. 2 mil, Cu
4. 2 mil, Al
5. 2 mil, Al
6. 2 mil, Cu
7. 2 mil, Al
8. 2 mil, Cu
9. 2 mil, Cu
10. 2 mil, Cu

TABLE III

Static Test Units

Dielectric

l1-layer, 5 mil Mylar

1-layer, 5 mil Mylar

1-layer, 5 mil Mylar

l1-laver, 5 mil Mylar

5-layers, 1 mil Mylar

2-layers, 2 mil + 3 mil
Mylar

3-lavyers, 2 mil Isomica

2-layers, 5 mil Mylar
3-layers, 2 mil Isomica

6-layers, 2 mil Isomica

33

Comment

Standard ESC-247
Standard ESC-247
Standard ESC-247

First trial fabricated
unit using Isomica
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obtained of the basic capacitor parameters as a function of temperature
over the range —SOOC to the high temperature mechanical failure limit.
These measurements included: (1) capacitance and dissipation factor at
1000 cps, (2) high frequency Q, (3) leakage resistance and (4) delamina-
tion and mechanical failure onset temperature. The importance of these
determinations lies in the comparison of Isomica and Mylar as dielectrics.
The results show clearly the superiority of Isomica especially in regard
to high temperature capability. At the stage in the program when these
measurements were performed, however, the techniques in manufacture
of Isomica capacitors were not fully developed. Therefore, the results
cannot be construed as final. For this reason, the data shown below are
presented in summary form to indicate the trend and to make the salient
comparisons in properties. Comparisons of aluminum versus copper as
foil material showed no important difference except unit weight.

All of the following results were obtained statically (not involving
capacitor discharge of stored energy) at atmospheric pressure. The
thermal environment was maintained and controled by means of a temper-
ature test chamber (Model 1060 WF, Delta Design, Inc.). Other instru-
mentation employed is identified or described along with the specific
measurement cited below.

3.4. Capacitance and Dissipation Factor @1000 cps

Conventional Bridge measurements were carried out on all of the units
listed in Table III at the bridge frequency of 1000 cps. The data obtained
are tabulated in Table IV which lists capacitance for each unit as a func-
tion of temperature, and Table V which lists the dissipation factor at each
temperature.

The measurements do not indicate any large difference dependent
upon capacitor construction for units of similar dielectric material. How-
ever, there appears to be a trend toward lower dissipation factor at high
temperature for the aluminum foil units. The large dissipation factor for
Unit 7 was due to an incomplete cure of the unit during fabrication. That

the results of that unit are not typical of Isomica capacitors is seen by
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TABLEV

Dissipation vs. Temperature @1000 cps

(g 1 2 3 4 S <] 7 8 9
=50 1.23% 1.35% 1.34% 1.37% 1.48% 1.50% 0.15% 1.45% -
-30 1.08  1.22 1.20 1.21 1.32 1.39 0.24 1.35 .15%
-10 0.97 1.08 1.09 1.12 1.39 1.25 0.60 1.15 .13
+10 0.57 0.70 0.71 0.70 1.19 1.15 1.20 0.85 .10
+30 0.26 0.39 0.42 0.41 0.48 0.51 2.25 0.45 .10
+50 0.25 0.40 0.45 0.22 0.30 0.48 2.70 0.35 .13
+70 0.62 0.72 0.65 0.24 0.31 0.79 2.75 0.46 .16
+90 1.20 1.49 0.92 1.05 1.74 2.75 0.99 .18
+110 2.20% .19
+130 .20
+150 .10

.13
.17
.25
.33
.31
.31
.35

%

* Onset of failure characterized by temporal increase in dissipation factor and

decrease in capacitance.
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noting the results for Units 9 and 10.

Summarized results for capacitance are illustrated in Figure 7 in
which Mylar and Isomica are compared. The ordinate is the measured
capacitance relative to the room temperature value, Co. The onset of
mechanical failure (delamination) is noted in the figure. A discussion of
this comparison is given below, but it is clear at this point that even the
prototype Isomica capacitor tested has a higher temperature capability in
this respect than the Mylar unit. The principal difference in the capaci-
tance versus temperature characteristics lie in the variation above room
temperature where the Isomica unit shows a decrease at elevated temper-
ature, while Mylar increases in the same range. Also, the magnitude of
the variation is somewhat less in Isomica.

Measurements of dissipation factor are summarized in Figure 8.
The figure illustrates one of the characteristics of Isomica which makes
it an excellent capacitor material. The two-fold characteristic is that
the low frequency dissipation factor is considerably lower for Isomica as
compared to Mylar and that the variation with temperature is much less
for Isomica. Since the quantity measured is the low frequency (1000 cps)
dissipation factor, the practical significance to the program is in relation
to the energy loss during charging at the intended repetition rates. The
dissipation factor is the fraction of the charging energy which is dissipa-
ted as thermal energy in the unit. The results shown indicate that this
energy loss is negligible for Isomica even at elevated temperature com-
pared to the high frequency losses.

3.5. Leakage Resistance

Leakage resistance was measured at 300 volts by means of a battery
connected in series with the capacitor under test and an ultra-sensitive
microammeter (R.C.A. Model WV-84C) which permitted current measure-
ment down to 10-9 amperes. Leakage resistance as high as 1011 ohms
could be readily measured. Capacitor temperature was maintained and
controlled by means of the thermal chamber described above.

Results for Mylar and Isomica dielectric in the ESC-247 capacitor
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configuration are compared in Figure 9 in which the time constant RC has
been plotted against temperature. The results for Mylar are characteristic
of capacitors fabricated f‘rom this material. It is interesting to note that
the time constant is approaching values as low as a few seconds in the
temperature range where other results indicate general failure of the capaci-
tor. The Isomica unit has nearly the same time constant as the Mylar unit
at room temperature but the decrease at high temperatures is at a much re-
duced rate.

The significance of the leakage resistance in terms of a power loss
mechanism was discussed in Section 2. In high repetition rate applica-
tions, the time constant for loss of charge is important only if comparable
to the repetition frequency. The fundamental significance of the time con-
stant RC lies in the fact that it is determined by the dielectric constant
and resistivity of the dielectric material itself and does not depend upon
capacitor construction details.

3.6. High Frequency Q Measurements

The effective series resistance of the test capacitors under study
is very low (a few milliohms) at frequencies in the megacycle range. In
measurements of the high frequency Q, therefore, a method was develop-
ed which circumvents some of the difficulties encountered in usual bridge
measurements at these frequencies. The technique consists of attaching
a load whose series AC resistance is easily calculated and whose induc-
tance is such that it provides a resonant frequency in the range of special
interest. The standardized load which has been fabricated for this pur-
pose is illustrated in the sketch of Figure 10. The material used through-~
out is copper except for the terminations. Because the load is coaxial,
the currents which flow in it and in the capacitor are symmetrical, an
important factor in obtaining meaningful results.

In operation oscillatory currents are generated in the load by means
of a small mutual inductance as shown. This consists of a small wire
loop placed in the region between the inner and outer conductor of the load.

A high current pulse is derived from a capacitor discharge switched by
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means of a thyratron. The driving pulse is essentially exponential in form
and is short compared to the ring-down time for oscillations induced in
the resonant circuit. The mutual inductance similar to the driving loop

is used as a pick-up to display the damped oscillations induced. Q
measurements for the capacitor under test with the standardized load are
obtained by noting the damping over several cycles.

The self-inductance of the test load is 2.8 x 10_8 henry, providing
a ringing frequency, when testing the ESC-247 type units, of about 3 MC
depending on the actual capacitance of the unit under test. The series AC
resistance, attributable almost exclusively to the center conductor (be-
cause of its small circumference), is 2.28 x 10—3 ohms at room temperature.

Adjusted values of Q for two tests units are shown in Figure 9 as a
function of temperature. Adjustment refers to the fact that the load resis-
tance is subtracted from the over-all effective series resistance and a new
value of Q is computed which would apply if the external circuit had no
resistance.

Two curves are shown in Figure 11. The lower figure is typical of
the Q values and variations with temperature which characterize all of the
Mylar test units. The resonant frequency of the particular Mylar unit
tested with the above load was 3.04 MC as noted. The Isomica unit is
seen to have a much higher Q at high frequency than the comparable Mylar
models. Also, there is an apparent difference in the temperature variation.
Because of the slightly higher capacitance of the Isomica unit, the obser-
vations were obtained at a lower frequency, as noted.

3.7. Capacitor Failure at Elevated Temperature

Several of the test units were intentionally failed at high tempera-
ture to permit an examination of their failure characteristics. High poten-
tial testing at elevated temperature revealed that the principal failure mode
was not related to weakening of dielectric strength, but was associated
with loss of mechanical integrity through warping and delamination.

Short term failure in the standard Mylar unit was observed to occur

at IIOOC where there arose a temperal decrease in capacitance (indicative
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of delamination) and an increase in dissipation factor. After 30 minutes

at this temperature the capacitor exhibited a slight deformation at the outer
radius of the foils. An increase of temperature to 12 OOC produced severe
delamination and the softened Mylar was seen to curl and warp substan-
tially.

An investigation of the long term failure in Mylar revealed a more
subtle onset of mechanical failure at somewhat lower temperatures than
those cited above. Results of a 48 hour test at a maintained temperature
of QOOC showed a slow degradation of capacitor properties. This was evi-
denced by a gradual decrease in capacitance and fluctuations in the dissi-
pation factor. The latter is atiributed to the build-up and removal of
volatiles in the unit. A quantitative measure of the observed deformation
is provided by the capacitance decrease which was approximately 3% over
the period of the test. A log of the 48 hour test in Mylar Unit 8 is given
in Table VI, which presents the values of dissipation factor and capaci-
tance (both obtained at 1000 cps) at various temperatures up to 90°C.

The elapsed time after the capacitor temperature reached 9OOC is also in-
dicated in the table.

The failure mechanisms in Isomica due to elevated temperature are
in sharp contrast to those noted above. While the high temperature cap-
ability is clearly above Mylar, the limits described here are thought to
be indicative of the method of fabrication at the particular stage of de-
velopment. It is suspected that the failure limits of capacitors made
under recently improved techniques are at even higher temperature, al-
though this has not been confirmed.

The results of a single destructive run for Unit 9 are illustrated in
Figure 12. In the figure both dissipation factor and capacitance are
plotted against temperature. These data were obtained at approximately
30 minute intervals which is the time required for thermal equilibrium
between the capacitor and the thermal chamber. The onset of failure
occurs just above 14OOC where a temporal decrease in capacitance is

noted together with a spurious decrease in dissipation factor. Further



»Obiv-vie

Capacitance (/.LF)

TYPE ESC-247 CAPACITOR

-1 .20
- .16
.12
4 .08
.06 |
1 L A 1 1 i ] 1
20 60 100 140 180 220
Temperature (°C)
FIGURE 12
HGH TEMPERATURE EFFECTS IN AN ISOMICA

46

Dissipation Factor (%)



TABIE VI

Long-Term Variations in a Mylar Capacitor at Elevated
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increase in temperature results in a large decrease in capacitance accom-
panying delamination of the unit. Gross deformation previously observed
for Mylar test units is notably absent even after temperatures of ZSOOC

are obtained. The Isomica unit retains its initial form and stiffness so
that mechanical failure is characterized by delamination alone. It is
expected, therefore, that improved fabrication methods can yield a capaci-
tor capable of maintaining mechanical integrety at these higher tempera-
tures.

Unit 10 was an Isomica unit similar in design to Unit 9 except that
six 2 mil layers of dielectric were laminated between each copper foil
pair. Measurements of dissipation factor and capacitance for this unit
were carried out to investigate the effects of temperature cycling on
failure. The thermal cycle was as follows:

The temperature was elevated to 1OOOC in ZOOC steps and main-
tained for 30 minutes. The temperature was then increased to 12000 and
maintained for 30 minutes noting the slight parameter changes. After
thermal equilibrium was attained at 14OOC the unit was permitted to cool
to IOOOC. The temperature was then raised to 14OOC and 16OOC before
cooling to 1OOOC. This was repeated and extended to 18000 which was
maintained for 30 minutes while a temporal decrease in capacitance was
noted before cooling again to IOOOC. Finally, the temperature was eleva-
ted to 200°C and the unit was allowed to cool.

The results are illustrated in Figure 13, in which capacitance is
plotted versus temperature. Data were obtained during the heating por-
tions of the various cycles as indicated. The dashed lines indicate
approximate cooling curves. The degradation of the capacitor is evi-
denced by the decreasing capacitance values at IOOOC after each excur-
sion of the unit to higher temperature.

Measurements of dissipation factor which accompanied the capaci-
tance measurements indicated a gradual decrease in dissipation during

each cycle. For example, dissipation factor decreased from an initial
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IOOOC value of 0.37% to 0.05% at the conclusion of the thermal cycling.

3.8. Conclusions

Analysis of self-generated heat in energy discharge capacitors used
in high average power applications has pointed to the need for a high temp-~
erature capability. A high operating temperature is necessary if the storage
system is to radiate self-generated heat, while the latter is minimized if
the capacitor has a high Q.

A material which appears to have considerable advantage in these
regards is Isomica. In the measurements carried out above, Isomica has
been compared with the more conventional dielectric material, Mylar.
While laminated capacitors fabricated of Mylar are suitable for operation
up to QOOC, the tested Isomica units could operate successfully at temper-
atures up to 14OOC.

In view of the nature of the mechanical delamination of these units,
it is reasonable to speculate that improved lamination methods would vield
a successiul ZOOOC Isomica capacitor.

At elevated temperatures, Isomica units exhibit a much higher leak-
age resistance and much less dissipation at both high and low frequencies
as compared to Mylar capacitors of the same mechanical design.

These conclusions were reached early in the program. As a result,
the improvement of lamination techniques were applied to the construction
of 24 inch ESC-247 capacitors. The remainder of the evaluation program
then dealt with the dynamic performance of these larger units as describ-

ed in the remainder of this report.
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4. Capacitor Evaluation (Dynamic Testing)

4.1. Approach and Instrumentation

Evaluation of the ESC-247-C capacitor was carried out under conditions
which were designed to simulate actual operating conditions with regard to
electrical load and environment. The evolution of these units and their
scaling from the smaller ESC~247 capacitor has been traced in Section 2.
Paralleling the effort to develop a successful Isomica capacitor was the design
and assembly of a suitable system for dynamic evaluation. The developed
system employs a simple coaxial plasma gun designed specifically to provide
a reasonable simulation of the load characteristics of pulsed plasma thrustors
currently envisioned for advanced propulsion systems. One of the principal
attributes of the developed gun is the method of triggering the plasma dis-
charge which permits an accurate control of the discharge repetition rate.

The dynamic evaluation system was designed to provide thermal isolation
of the capacitor and plasma gun from the environmental chamber. The
function of the latter is to reduce the importance of convective cooling, thus
limiting the heat loss from the capacitor to radiative loss alone. Under these
conditions it has been possible to evaluate heat sources and thermal distri-
butions with some confidence.

During the dynamic evaluation phase, considerable progress has been
seen in the successful fabrication of large Isomica capacitors. While the
first units tested were failed mechanically by the vacuum environment alone,
the last units tested have been characterized by an operating life which exceeds
the continuous duty period of the plasma gun.

The experience gained in the dynamic evaluation phase has had several
important by-products with regard to high repetition rate duty of the capacitor-
plasma gun mating in vacuum. In addition to the desired information regarding
factors effecting capacitor life and performance, light has been shed on the
special problems of plasma gun triggering, insulator decomposition by corona
within the gun and the relationship of deionization time in the plasma created

to the repetition rate.
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The dynamic evaluation apparatus is illustrated schematically in
Figure 14. The basic elements of the apparatus include the environmental
chamber in which the plasma gun and capacitor are mounted, the capacitor
charging power supply, the triggering system and gas flow controls and
the various diagnostic instrumentation.

The plasma gun and capacitor are mounted within the 30 inch vacuum
chamber as indicated in Figure 15. The mechanical support includes a
section of pyrex pipe as shown which serves to isolate the plasma gun
thermally from the vacuum enclosure. Pressure in the chamber during
operation is normally maintained below 10—4 mm-Hg to eliminate convec-
tive heat loss. The plasma gun is exhausted into a pyrex envelope con-
taining the working gas (helium or argon) at pressures in the range of 25
to 150 microns Hg. The purpose of this enclosure is to insure that the
plasma gun is immersed in a reservoir (approximately 20 liters) of the desired
working gas. Gas flow is through the central electrode of the plasma gun
as described below in conjunction with the gun design. The output flow
is through a small throttling valve to the main vacuum chamber. Working
gas reservoir pressure is adjusted by means of this valve and a controlled
leak valve in the input line.

Power is derived from a 75 kilowatt, 0 to 15 kilovolt DC power supply.
In all of the reported operation negative polarity output was employed.
Resistance charging was used with a 15 K ohm power resistor immersed in
a water—-cooled oil bath.

Both flanges of the plasma gun were cooled by means of a forced cir-
culating oil system. Copper cooling coils attached to the gun flanges were
interconnected with insulating tubing for high potential isolation. An oil-
to-water heat exchanger was employed external to the vacuum enclosure to
limit the temperature rise of the oil reservoir.

Temperature measurements at several locations on the capacitor and
within the oil cooling lines were accomplished by means of copper-constan-
tan thermocouples. The detailed deployment of thermocouples is specified

below in connection with the thermal measurements.
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Temperature readout was by means of a single channel chart recorder pre-
ceded by a multiple position thermocouple switch. Observations of the
discharge light pulse were made by means of a photoelectric detector which
was also employed with a counter to record the discharge repetition rate
and the total discharges accumulated during a continuous operation. Dis-
charge waveform was observed by means of a small pick-up loop installed
near, but external to the plasma gun.

Two of the key elements of the dynamic evaluation apparatus include
the plasma gun and the method of obtaining accurately controlled repetition
rates. The design of the gun and the method of triggering are described in
the following paragraphs.

The plasma gun was designed for this program with the purpose to
simulate some of the load characteristics of typical pulsed plasma thrustors.
The capability to develop thrust was incidental to the design and perfor-
mance in this respect was not evaluated within the program. The basic
characteristics which it was designed to simulate were centered around
the waveform properties of a pulsed plasma discharge. These include the
damping characteristics, the starting transients, and the voltage transients
associated with current reversals, current interruption, and time varying
circuit inductance. Other than providing simulation, the employment of
the plasma gun has led to a number of interesting observations pertinent
to high repetition rate discharges at low pressure, and to a method for
reliable triggering for controlling repetition rate to rates higher than 1000
pps. The performance evaluation of the gun and the problems encountered
are considered in detail in a later section.

In this section the gun design is described for the gun in use at the
conclusion of the program. A full-sized cross-section is illustrated in
Figure 16. The gun employs coaxial copper electrodes connected as shown
to the capacitor terminals by brass mounting flanges. Prior to assembly,
the through-hole region of the capacitor is prepared by sealing in a heavy

walled pyrex sleeve by means of a high temperature epoxy. The epoxy resin
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used for this purpose is filled with alumina powder so that the cured
material approximates the electrical properties of the ceramic. The pyrex
sleeve provides breech insulation to the point along the center conductor
where the discharge is initiated. The factors which led to this technique
are discussed in the evaluation of the gun performance below.

The method for triggering the discharge makes use of trigger electrodes
employed internal to the center electrode of the gun. One trigger electrode
is a steel plug which is pressed‘into a center bore within the center electrode
of the plasma qun. The second trigger electrode is insulated from the plasma
gun as shown. Trigger pulses derived from a specially designed pulse gen-
erator are applied to this electrode causing a small discharge in the gas
within the central electrode of the gun. The plasma which forms is ejected
through six equally spaced holes (.028 in diameter) into the space between
the electrodes of the plasma gun. The main discharge is then initiated at
six locations around the center conductor thereby enhancing the chances of
a spatially uniform plasma formation. Gas input flow is through the hollow
trigger electrode so that the trigger discharge volume is at a pressure some-
what above that within the gun itself. This factor serves to enhance the
breakdown for the initiating trigger pulse.

Because of the need for controlled high repetition rate operation in the
dynamic system, the method for triggering the plasma gun has received
special attention. The trigger electrode geometry has been described pre-
viously as an integral part of the gun design. The triggering circuit was
developed in the course of preliminary dynamic testing and is described
below.

The purpose of the trigger is to provide a sufficient number of initial
electrons in the breech of the plasma gun to initiate breakdown leading to
discharge of the stored energy. In accomplishing this it is desirable for
the trigger spark to be of short duration relative to the acceleration phase
of the main discharge in order to obviate multiple triggering. There is the
additional requirements that minimal coupling capacitance exist between

the high voltage terminal of the main storage capacitor and ground. The
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triggering scheme which has proven successful in these regards employs
a coaxial cable to provide both the coupling and the energy storage required
for the initiating spark.

The trigger circuit is illustrated schematically in Figure 17. The braid

of a 100 ft. length of RG-8 is charged to a high potential, typically +7.5 KV,

by a positive high voltage supply. The braid is then discharged at the
desired rate by means of a 6279 hydrogen thyratron through 50 ohms to
ground. The high voltage pulse induced in the center conductor then
propagates along a short length of connecting cable (with grounded braid)
to the trigger electrode. The pulse current is carried through the trigger
gap to the inner gun electrode. The latter is effectively at AC ground in
view of the capacitance of the energy storage capacitor. As described
previously, the trigger spark so formed introduces ionization in the breech
region of the plasma gun causing initiation of the main discharge.

The initial potential of the cable center conductor is referenced to the
inner electrode by means of the resistance shown as 40 K ohms in the

figure. During normal operation the center conductor is at the capacitor

J

P R N e Ve = - | - - -
charging potential maintaine

]

by the main power supply.

C

In its final configuration the trigger pulse generator provides for man-
ual push button and square wave generator inputs which are fed through a
low voltage pulse forming network employing a 2D21 to the control grid of
the 6229. The output pulses generated are 0.3 microseconds in duration
with variable pulse height up to 10 KV. The circuit was designed for
operation at pulse rates up to 1000 pps. However, it has functioned sat-
isfactorily at rates up to 2000 pps.

4.2. Life and Failure Data

The first ESC-247-C units (Fabrication Cycles A through H) were gen-
erally unsuited for dynamic evaluation in that the delamination problem had
not been overcome. These early units were used for testing certain por-
tions of the dynamic facility design which required a capacitor in place.

These tests included an evaluation of the triggering concept and gas flow
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conditions in the system. It was also possible to assess the mechanical
effects of vacuum environment on units which partially delaminated follow-
ing manufacture.

Unit G was typical of those units which were in partially delaminated
condition. An investigation of the effects of the vacuum environment
demonstrated that the initial delamination is greatly amplified by the forces
which develop due to trapped gas. This unit had an initial capacitance of
0.235 microfarads. When placed in a vacuum of 10_4mm Hg, the capaci-
tance decreased immediately to 0.191 microfarads. After eight hours at
this pressure a further decrease to 0.169 microfarads was observed. When
atmospheric pressure was restored, a value of 0.213 microfarads was
measured illustrating the permanent increased delamination brought about
by the vacuum environment. The unit did not withstand high voltage
operation following the vacuum environmental test.

Unit I was the first unit fabricated with generally good lamination
qualities. Capacitance decrease in vacuum was less than 1/2% of the
initial value. In dynamic tests this unit withstood approximately 50,000
discharges prior to failure. Subsequent units showed steady improvement
in mechanical properties as well as operating life.

Dynamic test conditions and information regarding duty, life and fail-
ures are summarized in the tabulations at the end of this section. The con-
tinuous duty period in minutes given in each table represents the duration
of operation at the given pulse repetition rate without interruption. The
terminal temperature given (in some cases) represents the temperature
observed by a single thermocouple located at the junction of the capacitor

terminal and the mating flange of the outer (ground potential) electrode of

the coaxial plasma gun. The charging potential given is the actual capacitor

voltage. Correction has been made, at the higher repetition rates, for the
charging time constant, typically about five milliseconds. The charging
resistance was 15.31 ohms in each case.

Regarding the failure information it is noteworthy that no dielectric
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punctures were observed throughout the program. All failures which occurred
were along surface tracks in that portion of the capacitor internal to the ter-
minals. In the early models this region was generally weak mechanically
but was later improved through the use of dielectric inserts used to bring

the thickness up to match that of the capacitor containing foil material. It
was clear from the results obtained from Units J and K, that there was corre~
lation between electrical failure and mechanical failure, the latter being
brought about by elevated terminal temperatures. For this reason the plasma
gun flanges were 0il cooled beginning with dynamic evaluation of Unit L.

In addition to life data, a number of other observations were made
during the sequence of tests. For example, Units I, J and K permitted an
examination of gun and trigger performance and shed light on the problems
of high repetition rate duty. The original gun design was modified on the
basis of these findings. During Unit L testing, measurements were made
of the radial temperature distribution. Units N and O operation led to
information regarding ionization decay rates (of interest to high repetition
rates) and calorimetric measurements employing a constant-flow method.
These findings are summarized in Section 4.3 and 4.4, which deal with
thermal measurements and gun performance respectively.

The following tabulations of operating duty for the various capacitors
evaluated illustrate the marked improvement in capacitor quality during the
course of the program. The last two capacitors evaluated represent a sub-
stantial stride toward obtaining program goals. Although subjected to much
more severe duty than previous units, there has been no indication of electri-

cal or mechanical failure of these units within the time limits of the program.



TABLE VII
DYNAMIC TESTS
UNIT I

Capacitance: 0.242 Microfarads

Charging

Potential: 8.0 Kilovolts

Working Gas: Helium

Test Log:

Failure:

Repetition Continuous Duty
Rate S Period (Min.)

<10 20

Electrical breakdown along a surface
near the terminations.

62

Total
Discharges

50,000 (approx.)

track within the laminate




TABLE VIII
DYNAMIC TESTS

UNIT]

Capacitance: 0.240 Microfarads

Charging Potential: 8.0 Kilovolts

Working Gas: Helium and Argon as indicated

Test Log:
Repetition Continuous Maximum  Working Total
Rate (pps) Duty Period Terminal Gas Discharges
(Min.) Temp. (°C)

15 40 79 He 36,000
15 30 83 A 27,000
30 30 113 He 54,000
Various - - - 30,000

Failure: Failure was similar to that observed for Unit I.

Total 147,000

Failure

occurred at peak terminal temperature of 113°C. The

elevated temperature also initiated some slight delamina-

tion of the unit.
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TABLE IX
DYNAMIC TESTS
UNITK

Capacitance: 0.240 Microfarads
Working Gas: Helium
Test Log:

*
Repetition Charging Continuous Maximum
Rate (pps) Potential Duty Period Terminal

Total
Discharges

(KV) (Min.) Temp.
2 5.0 63 34 7,500
S 5.0 48 43 14,500
10 5.0 180 65 108,000
20 5.0 147 : 72 176,000
50 5.0 9 - 27,000
100 4.5 6 100 36,000
Total 369,500

Failure: Electrical breakdown along surface between Isomica and Epoxy

near terminals, at peak temperature of 100°C. Extensive

delamination also took place.

*
Corrected for charging time constant = 3.6 millisecond
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TABLE X
DYNAMIC TESTS
UNIT L

Capacitance: 0.380 Microfarads
Working Gas: Helium

65

Test Log:
* * %

Repetition Charging Continuous Maximum Total

Rate (pps) Potential Duty Period Terminal Discharges
(KV) (Min.) Temp.(° C)

10 4.0 50 53 30,000
10 4.0 78 33 47,000
100 3.2 90 44 540,000
100 3.2 85 : - 510,000
50 3.9 60 - 180,000
Total 1,307,000

Failure: No internal electrical failure. Delamination of dielectric
covering on one side led to corona from exposed foil above

4.0 KV.

* -
Corrected for charging time constant = 5.7 millisecond

%%
Oil cooling employed except for first entry




TABLE XI
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DYNAMIC TESTS

UNITM

Capacitance: 0.317 Microfarads

Working Gas: Helium

Test Log:
*
Repetition Charging Continuous Total
Rate (pps) Potential Duty Period Discharges
(KV) (Min.)
100 6.4 90 540,000
1-100 5.0-7.5 -- 540,000 (approx.)

Total 1,040,000

Failure: Electrical breakdown occurred in central termination region in
vacuum only. Unit has since withstood high potential tests at
atmospheric pressure. In this instance cause of failure was
attributed to mechanical damage in this region prior to dynamic
testing. No delamination was observed.

* 3
Corrected for charging time constant = 4.8 milliseconds
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TABLE XII

DYNAMIC TESTS
UNIT N

Capacitance: 0.336 Microfarads

Working Gas: Helium and Argon as indicated

Test Log:
* *%k
Repetition Charging Continuous Working Total
Rate (pps) Potential = Duty Period Gas Discharges
(KV) (Min.)

1-100 3.0-6.0 -- He 208,361
100 3.5 248 A 500,146
200 2.5 A 528,779
400 1.5 A 2,028,859

1000 0.8 A 2,011,245

2000 0.4 A 231,648
100 3.5 43 A 259,162

10 6.0 9 A 5,280
5-10 3.5-4.0 20 A 64,821
10 6.0 18 A 10,598
10 6.0 50 A 30,019
30 6.0 14 A 25,184
50 5.9 4 A 10,069
10 7.0 40 A 24,081

Total 5,938,252
Failure: No Failure

*Corrected for charging time constant = 5.1 milliseconds

k%
Counter readings
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TABLE XIII

DYNAMIC TESTS
UNIT O

Capacitance: 0.806 Microfarads

Working Gas: Argon

Test Log:
* * %
Repetition Charging Continuous Total
Rate (pps) Potential Duty Period Discharges
(KV) (Min.)

100 2.2 67 101,056
50 3.2 20,436

50 4.0 102,492

50 4.8 . 25,860

50 4.8 11 30,297
5-10 6.0 - 14,872
5 7.0 12 3,606

Total 298,619

Failure: No failure

i
/
!

*
Corrected for charging time constant = 12 millisecond

*%
Counter readings

NOTE - This capacitor differs from the nominal ESC-247-C in that it has
a capacitance of 0.8 microfarads.

68
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4.3. Thermal Measurements

One facet of the program was that concerned with the thermal charac-
teristics of the capacitor plasma gun system. As noted above, the dynamic
system was designed with thermal isolation of gun and capacitor where the
gun was mounted by means of an insulating stand-off and a vacuum environ-

ment (< 1074

mm Hg) was created to eliminate convective heat loss. It was
then possible to explore thermal distributions resulting from heat generation
under conditions of radiational cooling alone. The system was equipped
with the added capability for cooling the terminals of the plasma gun to limit
the temperature rise at the connections to the capacitor.

Insight into the distribution of heat sources from dissipated electri-
cal energy may be gained from an analysis of four principal mechanisms:
(1) dielectric loss in the capacitor, (2) ohmic heating in the current carrying
elements of the system, (3) ohmic losses in contact resistance and (4)heat
transfer from the plasma to the acceletator electrodes. Considerations of
these heat sources were given in Section 3.1.

In that section an efficiency parameter was defined in Equation 1 in
terms of the effective series resistance pertinent to each of these heat

sources. Such a parameter does not relate directly to propulsion efficiency.

Instead, it is a measure of the total discharged energy which does not even-

tually appear as heat in the system. The efficiency parameter, therefore, does

not distinguish between radiation, internal plasma energy and directed

kinetic energy as mechanisms for power output.
Estimates of n based on measurements described below suggest values
of approximately 0.30. Then the total fraction of stored energy (or average
power) going into thermal energy is about 0.70. In this case the heat pro-
duced in the plasma gun is believed to exceed that generated within the ca-
pacitor by at least a factor of six. The gun, therefore, constitutes a sub-
stantial heat input to the capacitor which can seriously upset the temperature
uniformity assumed in the computation of Figure 4 as demonstrated below. A
substantial thermal gradient is created near the terminals of the ESC-247-C

owing to this heat input and the thermal diffusion characteristics of the
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capacitor. The result is a temperature rise in the terminal region considerably
above that appearing in the outer portions of the capacitor.

Thermal energy produced in the plasma gun is readily transferred to the
capacitor terminals whence it is conducted radially outward by means of the
foil tabs, the dielectric material and the epoxy build-up at the terminal. A
solution of the heat flow equation indicates that conduction in the foil tabs is
dominant. The predicted radial temperature gradient at the outer edge of the

termination per watt conducted outward (to the radiating surface) is given by:

A =0.70 ( °K/cm-watt)

A Rr: 2in.
In contrast to this, the predicted gradient at a radius of 2.5 inches (coin-

ciding with the inner radius of capacitor foils) is only:

A8 = 0.06 (°K/cm-watt)

ARp= 2 5in.
The predicted gradient then decreases further with increasing radius owing to
the increasing cross-section of copper foil material. In obtaining these
approximate estimates azimuthal asymmetry in the heat conduction paths have
"been ignored as well as the thermal coupling across alternate layers of
dielectric and foil.

In the evaluation of Units J and K the terminal temperature was moni-
tored continuously. For this purpose a copper-constantan thermocouple was
attached to one of the mounting lugs of the terminal. The thermocouple output,
referenced to a room temperature junction, was displayed and recorded by
means of a chart recorder. The maximum observed temperatures noted in the
tabulations of the previous section occurred within approximately 15 minutes

indicating that this is typically the time required for thermal equilibrium.
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The recorded terminal temperatures are considerably higher than
would be expected in the absence of thermal gradients. For example,
the average power discharged in the 10 pps operation of Unit K is 30
watts. If all of this power appeared as heat uniformly distributed in the
capacitor, the capacitor temperature rise would be expected to be less
than IOOC above ambient. The observed terminal temperature rise, how-~
ever, was approximately 40°C above room temperature and is indicative
of the large gradient produced by the heat flux from the plasma gun.

Provision for oil cooling of both plasma gun flanges was made and
the thermal gradient was further explored during the evaluation of Unit L.
Temperature was monitored at six thermocouple stations located along a
radius of the test unit as indicated in Figure 18. Thermocouple #1 was
placed at one mounting stud location on the plasma gun flange. The other
five thermocouples were bonded to the dielectric surface of the unit as
shown. A multiple position switch permitted a scan of the six readings
in less than thirty seconds.

Data were recorded for a variety of repetition rates with and without

oil cooling. Representative sets of data are illustrated in Figure 19. The

set marked (A) was obtained after thermal equilibrium for operation at 10 pps
with a charging potential of 4.0 kilovolts. No cooling was used for set
(A). Set (B) was taken at equilibrium for 100 pps operation at 3.2 kilovolts
with cooling. The temperature rise indicated is relative to room temperature.
In both cases the predicted steep thermal gradient is noted near the
capacitor terminals. This confirms not only that heat transfer near the
terminals is restricted by the thermal conduction in the foil tabs, but also
that the principal source of heat is within the plasma gun as expected.
During the evaluations of Units N and O some initial measurements were
made regarding the total heat generated in the capacitor-gun system. Con-
stant flow calorimetry was employed making use of the oil cooling system
to measure the extracted heat. ‘
In the constant flow method, one thermocouple immersed in the input

flow serves as the reference junction for a second sensor placed in the




eLiiv-ig

I Foil Extremities

Section A <A

Termination

FIGURE I8
THERMOCOUPLE LOCATIONS FOR UNIT L
DYNAMIC OPERATION

Thermocouple
Locations ‘?
|3 |4 I5 |6 I
L N — IO

72




r3

© © q1- -
o
{ " - © 2
“ ! S
L
5_., ws 1@ W
.ﬂ ! - ® w
] o z
[ o
! -
</ ! |~ n <«
6 o 2 F
] [} - (D [ = w —— a
~1 | - o Q o
M__ @, e 2 &
I I i © & (3]
$ o - x
) mw <4 g
/ 2] A
’ ] v =
Y. ] 7] s 5
/ ' x O
2\ ] - w
“““ b ‘\“@ " m
T T LT o~
\\\\\\\\\\\\\\\ -1 o
- N w
| T z
!
i _ 1~ w
“ | 1))
1 1 1 _h_ 1 1 1 o) %
(o] P
" o Q 2 P o 0 ©
-
<4

l‘ll"ll'l'.---"ll.;ﬁ'



output line. The net signal is then a measure of the temperature difference
A 0 between input and output flows. If R is the flow rate in gm/sec, the

heat extracted per unit time is given by:

P=R:c:-A® (watts)

where c is the specific heat of the fluid in joules/ngC .

In order to obtain a complete estimate of the fraction of input electrical
power converted to heat it is also necessary to consider the radiant heat
loss from the capacitor and the heat conduction through supports. It is
easy to show that the latter represents less than one per cent of the radia-
tion loss owing to the insulating support employed. This loss can therefore
be neglected.

Radiation loss is not known exactly but has been estimated based on the
thermal profile data represented in Figure 19. Effectively, an upper bound
was computed by assuming an ideal radiator with the appropriate profile.
While these profiles were not determined in Unit O and Unit N operation,
reliance was placed on scaling the thermal distribution according to the
measured flange temperature. Confidence in this approximate procedure
was gained from the apparent scaling illustrated in Figure 19. Error in
estimating the loss by radiation is thought to be such that an overestimate
is made. This leads to an underestimate of the efficiency parameter defined
previously which can be written in terms of the measured variables as

Pi - Pc - Pr

n = P
i

where: Pi is the average electrical power discharged by the capacitor,

Pc is the power extracted by the oil cooling and Pr is the estimated thermal
power radiated by the capacitor. The parameter n then represents the frac-
tion of the electrical input power not ultimately converted to heat within

the system consisting of the storage capacitor and the plasma gun.
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Measurements of n indicate values in the range of 25 to 35% with some
confirmation that n increases as expected with increasing energy stored.
The following table presents results obtained during three long period
evaluation runs using Units N and O. In each case, the data were
taken near the conclusion of the run when thermal equilibrium wasassured.

The trend toward higher values of the efficiency parameter for higher
energy stored in the capacitor is indicated from these results. Data
obtained in two shorter duration operations at storage energies of 4.1
and 9.2 joules per discharge yield estimated efficiency parameters of
31% and 38% respectively. These data, while in accord with the above
results, are less reliable since thermal equilibrium was not reached.
Nevertheless, the results at each energy storage value are plotted in
Figure 20 to illustrate the trend.

4.4, Plasma Gun Performance

The plasma accelerator employed in the dynamic evaluation phase
of this program was designed to provide aload representative of a class
of pulsed plasma thrusters. The design of the coaxial device used was
described above. No attempt was made toward sophisticated design with
respect to performance as a thruster, nor were any dynamic measurements
made of the plasma acceleration characteristics. On the otherhand, a
number of interesting observations were made which are worthy of note as
they have a bearing on the special problems of high repetition rate operation.

In regard to obtaining stable high repetition rate operation of the
plasma gun, it was necessary to cope with three problem areas. The first
of these was concerned with the need to obtain a reliable triggering scheme
to control accurately, the discharge pulse rate at any desired value up to
1000 pps. This need was very successfully satisfied by the method des-
cribed above. A second suspected problem area centered around the
possibility of the development of a glow discharge or elongated deionization
period which would hinder high pulse rate operation. While this problem

did arise, it was traced to a simple geometric cause and was successfully



TABLE XIV
EFFICIENCY PARAMETER MEASUREMENTS

TEST UNIT UNIT N UNIT O
Repetition Rate (pps) 100 100
Pi' Input Power (watts) 205 201
Energy per Discharge (joules) 2.05 2.01
Total Discharges 5x 1()5 1x 105
AT, Oil Flow Temperature 9.3 9.4

Difference (°C)
Flange Temperature 35 35
R, Oil Flow Rate (gm/sec) 5.51 5.51
C, Oil Specific Heat (joules/gm°C)  2.23 2.23
Pc , Power Extracted (watts) 110 111
Pr' Power Radiated (watts) 38 38
n ., Efficiency Parameter 28% 26%

UNIT O

50
321
6.45
1x10
13.0

49
5.51
2.23
154
52
36%

76 .
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eliminated. Finally, the problem of power handling capacity arose, not
only in regard to heat dissipation, but also in regard to electrode erosion
and insulator life. The deterioration rate of insulators exposed to the
discharge was unexpectedly high and was a persistent cause of difficulty.
The experience in each of these areas is discussed in more detail in the

following paragraphs.

The designed function of the triggering system has been described above.

In the early stages of the program helium was used as working gas. In order
to obtain reliable operation of the trigger, it was necessary to use flow
rates such that the gun operated into an ambient of at least 150 microns -
Hg. At lower pressures, it was not possible to breakdown the gas within
the trigger electrode region. This pressure was such that conditions were
very close to those necessary for the development of a glow discharge
between the center conductor of the gun and remote ground potential fixtures
within the gun enclosure. While a potential of at least 9 KV was held-off
between the center conductor of the gun and ground, pulsed discharge
operation led to the gradual development of a long-path glow discharge
which eventually led to a high current discharge. The latter prevented
sustained pulsed operation at pulse rates above about 10 pps. Normally,
the gun has been operated with the center conductor initially at high
potential negative. Reversal of polarity eliminated the glow problem, but
had an adverse effect upon the triggering reliability. The problem was
resolved by shortening the center conductor so that electric field lines

from the tip of the center conductor were terminated on the inside wall

of the outer conductor. Long paths necessary for breakdown at the pressure
employed in the gun enclosure were thereby eliminated. With this simple
modification, triggered operation in helium was possible at repetition rates
exceeding 100 pps. However, the gas pressure in the gun environment

was somewhat higher than desired under conditions which were favorable
for reliable triggering. While quite stable operation could be maintained

for as long as three hours, missfires (failure of the trigger to ignite the
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discharge) occurred, typically, at the rate of 1 to 10%. In an estimated
50 to 75% of discharges, a spoke discharge was observed predominately
in the area of the breech. This was attributed to one of two causes:
non-symmetrical initiation of the discharge, or the tendency for a crow-
bar discharge to develop within the gun at one or more current reversals.
Later experience would suggest that the former cause was most likely.
Because of the high dielectric strength of helium at low pressure, trigger
pulse voltage was near its maximum value (10 KV) and trigger pulse
breakdown was somewhat erratic due to the statistical characteristics of
the breakdown process.

In the evaluation of Units N and O, it was found that the use of argon
as working gas, removed all of the above difficulties. At gun envelope
pressures of 25 microns - Hg, the triggering stability was excellent for
pulse voltages as low as 2 KV. Pulse rates of less than 1 pps to 2000 pps
(twice the design limit) were readily obtainable without any extensive
adjustment of operating parameters. Missfire rate under best conditions
was estimated at less than 0.01%. The plasma discharge was perfectly
uniform (azimuthally) insofar as qualitative visual observations could
distinguish. The discharge spectrum strongly peaked in the ultraviolet
as is characteristic of an electrical discharge in argon at low pressure.
Spoke-type discharges were notably absent with an estimated rate of
occurance of 0.1%. This rate under best conditions was much less, but
was noted to increase as the breech insulator deteriorated.

Waveform observations of the light intensity from the plasma discharge
were performed by means of the photocell employed in the discharge
counting scheme. The light pulse was viewed along the accelerator axis.
The frequency response of the photocell circuit was approximately 3 Mc.
During operation with argon, the oscilloscope trace was reproducible to the
extent that pulse-to-pulse variations were generally indistinguishable.
Fluctuations in the light signal were introduced only when there was a

missfire (rare) or a spoke discharge.
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A typical light pulse for argon operation is nearly exponential with
a decay time constant of about 14 microseconds. Assuming that this time
is also approximately equal to the decay time of ionization in the discharge,
or equivalently to the discharge extinction time, it should be possible to
obtain pulse rates as high as 10‘4 pps or even slightly higher. Of course,

the observed decay rate is dependent upon electron recombination and diffusion

processes which are functions of the geometry and the gas pressure. Therefore,

the conclusion regarding an upper limit to the pulse repetition rate must be
considered in this light. As an experiment in the program, the pulse rate
was increased in one case to 2000 pps. It was not practical to attempt
higher rates since the trigger pulse was designed for a maximum of 1000 pps
operation.

The rise time of the observed light pulse is approximately 2 micro-
seconds. This corresponds to several cycles of the discharge current
waveform which was determined to have a ringing frequency of about 2.5 Mc
and a Q of approximately 10. Thus, the light intensity rise time corresponds
to the current decay time. The light waveforms showed evidence of intensity
fluctuations consistent with current oscillation during the overall intensity
build-up.

As a basis for the initial design of the plasma gun, a simplified snow-
plow calculation was made of the acceleration. While no attempt was made
in the progrdm to explore the relationship of theory and dynamic measurement
of the plasma motion, observations of the eroded electrodes provided an inter-
esting comparison. Following each long term operation of the plasma gun, the
center electrode was observed to be eroded for a distance of several centi-
meters from the region of the trigger holes toward the muzzle of the accelerator.
The degree of erosion was noted to decrease gradually along this path so that
the exact distance was not determinable. However, within the accuracy pos-
sible, the eroded length and the predicted displacement of the plasma (during
acceleration) were in remarkable agreement. Moreover, the approximate

agreement was seen to exist for the variety of energy storage values employed.
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In these cases, the eroded length varied from approximately 3 to 10 cm.

The possibility that this agreement is fortuitous is recognized and is pointed
up by the fact that erosion of the inner wall of the outer electrode did not
match the extent (in downstream length) of that observed for the center gun
electrode. Since the axial length of the former was in all cases smaller than
noted above, indications are that the discharge current is not exclusively
radial throughout the discharge. It is believed that a substantial axial
component of discharge current develops during the acceleration phase.

The erosion of elecirodes was not a serious problem in the investigation.
The outer electrode of the plasma gun was cleaned periodically, but it was not
replaced throughout the program. The center electrode (initially at high negative
potential) was replaced several times, largely because of the enlargement of
the trigger holes. Otherwise, material removal was neglible as regards
dimensional changes.

The principal problem involving material damage in the plasma gun
was that associated with the breech insulator. In the early stages of dynamic
evaluation, organic breech insulation was seen to decompose very rapidly.
The experience with several materials and insulator geometries led to the
scheme illustrated in the gun design depicted above. Capacitors were
prepared for dynamic testing by filling the central through hole region of the
unit with an epoxy resin containing a high percentage of alumina powder as a
filler. A pyrex sleeve was sealed into the capacitor and alligned to accomo-
date the central conductor of the plasma gun. The pyrex sleeve provides an
elongated path against surface breakdown and ensures that inorganic material
only will be near the plasma discharge.

This technique was completely satisfactory for most of the dynamic
tests, since the capacitor life was in most cases less than the gun insulator
life. In the evaluation of the last two units, Units N and O, the limited
insulator life prevented a full life test as the capacitor life exceeded insulator

life. The cause of insulator failure was eventually traced to the formation of




82

a corona discharge originating on the outside surface of the pyrex sleeve.
This was particularly evident during the stable argon operation of the plasma
gun in which small corona spots were observed migrating over the insulator
surface. Failures occurred as the corona gradually decomposed the pyrex
to the extent that breakdown through the insulator took place. Insulator

life decreased rapidly with increased capacitor potential. For example,

in Unit N operation, a total of more than 5 x 106 discharges were logged

in continuous operation below 3.5 KV, while only 3 x lO4 discharges were
typically possible with a single insulator when the operating potential was
in the range 6 to 7 KV. Higher average power also had the effect of reducing
insulator life, but this dependence was secondary.

In summary, the experience obtained points up a problem area regard-
ing insulator decomposition by corona discharge. On the otherhand, the
triggering technique has been employed with considerable success and the
feasibility of obtaining controlled high repetition rates in the pulsed plasma

gun has been demonstrated up to repetition rates of 2000 pps.
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5. Summary and Recommendations

5.1. Summary of Results and Conclusions

Analysis carried out early in the program pointed to the need for
emphasis in capacitor development on the use of high temperature, low
dissipation dielectric materials. Self-generated heat in capacitors designed
for high repetition rate duty, coupled with the needs for maximum power-to-
weight ratios and radiational cooling leads to operating temperatures far
above the capability of conventional capacitors. The fraction ¢f capacitor
stored energy dissipated within the capacitor is equal to the ratio of the
discharge circuit Q to the Q of the capacitor operating into a lossless load.
This fraction typically ranges between 5% and 20%. In achieving a balance
between the heat internally generated and the thermal radiation loss,
equilibrium temperature in the capacitor must be substantially above ambient.
For capacitors evaluated in this program, the operating temperature is predicted
to range from ZSOOC for capacitors whose Q = 50 to about 14 OOC for capacitors
with Q = 200 when operation is at discharge rates of 1000 pps. This example
points to the need for low loss, high temperature materials. The high tem-
perature capability is made increasingly important where the capacitor may be
called upon to radiate additional thermal inputs, eg. from the plasma accelera-
tor portion of the discharge circuit. Reduction of capacitor dissipation (higher
Q) also contributes toward higher ultimate system efficiency.

In view of these needs, the problem which presented itself in the
development of a suitable capacitor centered around the selection of a low loss,
high temperature dielectric material and the fabrication of a laminated capaci-
tor employing such material. The over-all capacitor construction layout and
geometry were adapted and scaled from the available flat disc capacitor
design. Capacitors fabricated prior to the program employed Mylar as a
dielectric. Initial evaluative testing was performed on fabricated capacitors
using this material to provide a basis for comparison with improved dielectrics
developed later in the program. Additional plastic films including Teflon and

H-Film were evaluated with regard to their general dielectric properties.
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On the basis of its high temperature mechanical limits and excellent
dielectric properties, Isomica was selected from the available materials
as a practical first step toward realizing program goals.

During this program, the many difficulties of laminating large
capacitors with Isomica dielectric were overcome. While the full cap-
ability of the Isomica capacitor has not been realized, it is clear that a
substantial gain has been made.

Successful and partially successful capacitors fabricated with
Isomica were subjected to dynamic tests in addition to the usual tests of
the quality assurance type following manufacturing cycles. Dynamic
testing was conducted with the capacitor discharging repetitively into
a coaxial plasma gun as the test load. The capacitor-gun system was
thermally isolated in vacuum to enable investigation of the thermal transport
properties of the capacitor under conditions of minimal conduction and convec-
tion heat loss and to illuminate any problem areas with regard to outgassing
or mechanical effects in vacuum. Problems of the latter type, while severe
in first units where lamination was not perfected, were not in evidence in
the later units evaluated. Thermal data highlighted the problem area of
thermal gradients produced by heat input at the capacitor terminations from
heat sources in the load.

Capacitor failures occuring in the early phases of dynamic testing
were caused by delamination and breakdown of the surface tracking type.
Later units were subjected to several million discharges without degradation
of the capacitor. At this point capacitor life far exceeded the continuous
operating life of the plasma gun used as the test load. During the course of
the dynamic testing, no capacitor failures were encountered which could be
attributed to electrical puncture of the dielectric material. In this regard,
it must be considered that all dynamic evaluation was carried out at stress
levels below 1000 volts/mil.

The need inthe program to develop means for simulating the load

characteristics of pulsed plasma thrustors has led to some important by-
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products regarding high repetition rate duty. A means has been developed
for efficiently triggering a coaxial plasma gun. The method used controls
repetition rate accurately at pulse rates to well over 1000 pps. At the same
time there is essentially no interference with gun design requirements for
low self-inductance and close coupling to the capacitor. The use of a gun
with this trigger scheme has demonstrated the feasibility of high pulse
rates for plasma acceleration.

5.2. Recommendations and Future Proposed Work

Substantial progress has been made under this program toward the
development of very low inductance capacitors with capability for high
temperature operation and other desirable properties. Using Isomica as a
dielectric it is believed that capacitors can be manufactured which have
internal self inductance less than one nanchenry, Q as high as 100 to 200,
dielectric strength for average duty above 2000 volts per mil and operating
temperature around ZOOOC. To realize this potential, further development
work is required to perfect fully the processing of capacitors using this
material.

While Isomica has emerged as a superior dielectric as compared
to other materials evaluated in this program, additional survey and evalua-
tion should be accomplished to seek other materials which might have a
capability for extending performance still further. This investigation should
be concerned with material properties which relate to capacitor fabrication
processes as well as the electrical and thermal properties.

The general laminated capacitor concept in the flat disc geometry

is well suited to low inductance design with additional advantages in

providing good form factor for radiative cooling. The particular form evaluated

in this program, however, does not readily allow for extension to energy
storage with many electrically parallel elements. Therefore, it is proposed
that further work concern itself with geometries which will lend themselves
to parallel stacked arrangements of many capacitors.

Measurement of the capacitor performance and thermal behavior

should be continued under vacuum conditions and with simulated loads. In
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the dynamic testing at increased power levels it will be necessary to

cope with those problems which limit plasma accelerator life since, at
present, capacitor life is such as to exceed the sustained operating period

of the plasma gun. A particular problem area is the deterioration of insulating
materials which are in contact with the plasma.

Work concerned with the efficiency, sources of heat and thermmal
transport in capacitor-plasma gun systems should receive considerable
attention. This effort will contribute to knowledge of the thermal properties
of capacitor and will also provide preliminary insight into the thermal dis-
tribution problems to be dealt with eventually in actual space borne pulsed

propulsion systems.
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